During the maturation of rotaviral particles, non-structural protein 4 (NSP4) plays a critical role in the translocation of the immature capsid into the lumen of the endoplasmic reticulum. Full-length NSP4 and a 22 amino acid peptide (NSP4 114-135 ) derived from this protein have been shown to induce diarrhea in young mice in an age-dependent manner, and may therefore be the agent responsible for rotavirally-induced symptoms. We have determined the crystal structure of the oligomerization domain of NSP4 which spans residues 95 to 137 (NSP4 ). NSP4 self-associates into a parallel, tetrameric coiled-coil, with the hydrophobic core interrupted by three polar layers occupying a and d-heptad positions. Side-chains from two consecutive polar layers, consisting of four Gln123 and two of the four Glu120 residues, coordinate a divalent cation. Two independent structures built from MAD-phased data indicated the presence of a strontium and calcium ion bound at this site, respectively. This metal-binding site appears to play an important role in stabilizing the homo-tetramer, which has implications for the engagement of NSP4 as an enterotoxin.
Introduction
Rotavirus is the leading cause of severe gastroenteritis during the ®rst few years of life, resulting in more than 870,000 deaths annually in the third world (Glass et al., 1994) . A member of the Reoviridae family, rotavirus possesses a non-enveloped, triple-layered protein coat encapsulating a doublestranded RNA genome. During infection, the immature capsid particle (ICP) buds into the lumen of the endoplasmic reticulum (ER) (for review see, Estes, 1991) . During this process a lipid coat is acquired which is shed prior to the exit of the mature virion.
NSP4, a virally-encoded receptor embedded in the membrane of the ER, is required for the budding of the ICP into the ER (Au et al., 1989) . Most of the NSP4 protein is cytoplasmic, with the exception of a 25-residue transmembrane region, H2 , which joins to H1, a small, doubly-glycosylated, lumenal domain ( Figure 1(a) ; Both et al., 1983; Kabcenell & Atkinson, 1985) . Crosslinking experiments have shown that NSP4 oligomerizes into dimers and tetramers (Maass & Atkinson, 1990; Taylor et al., 1996) . Heptad repeats spanning residues 95-137 suggest that oligomerization occurs via an a-helical coiled-coil interaction (Taylor et al., 1996) . This coiled-coil oligomerization domain is resistant to protease degradation, unlike residues C-terminal to this putative stalk domain (Taylor et al., 1996; O'Brien et al., 2000) . In addition, the extreme carboxyl-terminal 20 amino acid residues of NSP4 have been shown to be the minimal binding domain for interacting with VP6, the major structural protein of the ICP (Meyer et al., 1989; Taylor et al., 1996; O'Brien et al., 2000) .
In addition to acting as a receptor for the ICP, NSP4 plays several important roles during viral maturation. Upon budding of the ICP into the ER, NSP4 hetero-oligomerizes with the two outer-coat proteins, VP4 and VP7 (Maass & Atkinson, 1990) . Deletion mutagenesis of NSP4 demonstrates that some or all of residues 112-148 are critical for VP4 binding (Au et al., 1993) . Moreover, deletion of 27 amino acid residues encompassing the VP6 binding site at the C terminus of NSP4 noticeably increases the af®nity for VP4, suggesting that the interaction of NSP4 with VP4 may be coordinated with ICP binding (Au et al., 1993) . After budding is completed, the subsequent shedding of the lipid envelope is dependent on the glycosylation of NSP4, as treatment with the glycosylation-inhibitor tunicamycin blocks this uncoating (Poruchynsky et al., 1991) .
The gastrointestinal symptoms resulting from rotavirus infection may be directly attributable to NSP4. Injection of full-length NSP4 or a peptide corresponding to residues ) into young mice results in diarrhea as a consequence of an ef¯ux of chloride ions from intestinal cells via a calcium-dependent signaling pathway (Ball et al., 1996) . Baculovirus expression of NSP4 in insect cells or the exogenous treatment of uninfected insect cells with NSP4 114-135 triggers the release of calcium from the ER (Tian et al., 1995 (Tian et al., , 1994 . The dif®culty in establishing stable cell lines expressing NSP4 might be due to cytotoxic levels of calcium (Tian et al., 1994) . NSP4 is a model system for studying how nonenveloped virus particles translocate intracellularly between compartments. We have determined the structure of the coiled-coil domain of NSP4 in order to gain insight into the enterotoxic and oligomerization properties of this unusual virally encoded receptor molecule.
Results

Structure determination
A peptide corresponding to residues ; Figure 1 (b)) with a single selenomethionine residue at position 112 was synthesized for structural studies. Diffraction-quality crystals were obtained at pH 8.5 using 20-28 % PEG 400 and a variety of salts between 0.32-0.40 M (see Methods). Multiwavelength data sets were collected for crystals grown in magnesium sulfate and strontium chloride (Table 1) and independentlyphased electron density maps were obtained for each. In both of these MAD-phased (Hendrickson, 1991) maps, helical density allowed for unambiguous placement of all main-chain and the majority of side-chain atoms (Figure 2 ). Bergmann et al., 1989) are highlighted in green. H2 anchors NSP4 in the lipid bilayer of the ER, and H1 resides in the ER lumen with glycosylation sites at amino acid positions 8 and 18 (Both et al., 1983; Kabcenell & Atkinson, 1985) . The H3 domain (residues 63-80; green), the coiled-coil oligomerization domain (residues 95-137; pink; Taylor et al., 1996) , and the ICP-binding domain (residues 156-175; yellow; O'Brien et al., 2000; Taylor et al., 1996) reside in the cytoplasm. Residues 112-148 (light blue) have been shown to be critical for VP4 binding (Au et al., 1993) , although a minimal binding site has not been de®ned. Arrows indicate proteolytically-sensitive sites O'Brien et al., 2000) . (b) A sequence alignment of NSP4 95-137 from a sampling of various rotaviral strains. The sequence used for crystallization was that of SA11, a strain widely employed in functional studies. The strains are categorized according to their genotype (A-D; Ciarlet et al., 2000; Horie et al., 1999) . The a and the d-positions of the heptad repeat are denoted above the ®rst sequence. The alignment was generated using ALSCRIPT (Barton, 1993) . 
Structural overview
NSP4 95-137 packs as a parallel four-stranded coiled-coil (Figure 3(a) ). The asymmetric unit of the crystal contains two molecules (A and B) which are related to two apposing molecules (A H and B H ) by a crystallographic 2-fold axis. These four molecules de®ne a pseudo-4-fold symmetry axis which superimposes on the crystallographic 2-fold axis. The helical region of each chain spans residues 95 to 134 with the ®nal three residues in an extended conformation. Superposition of main-chain C a atoms between residues 95 to 134 of chain A onto B results in an r.m.s. deviation of 0.37 A Ê , showing that the helical characteristics of each monomer are similar. The coiled-coil region of the tetramer has a supercoil pitch of $178 A Ê , and can be considered a cylinder with a length of $58 A Ê and a diameter of $26 A Ê . The tetrameric core of the NSP4 95-137 oligomer contains three polar layers. A layer of Gln109 residues occupies the d-position of the heptad repeat, and a more extensive polar region at the a and d-heptad repeat positions is formed by the Glu120 and Gln123 layers.
The exterior of the stalk domain exhibits a highly charged surface in which the positive and negative potentials follow the curvature of the coiled-coil (Figure 3(b) ). There are several interhelical salt bridges and hydrogen bonds, including Arg107: Glu105, Arg119:Glu120, the backbone carbonyl of Thr117:Arg119, as well as an amino-aromatic interaction between Arg129 and Tyr131.
Metal-binding site
In the experimentally-phased electron density maps, a 4s sphere of density was seen in the tetrameric core between the Glu120 and Gln123 layers. Based on the relatively high concentration of magnesium sulfate in the crystallization mixture, this density was initially modeled as a Mg 2 . After several rounds of building and re®nement, a decrease in the B-factor value for the Mg 2 relative to the surrounding side-chain atoms (17.1 A Ê 2 versus 27.3 A Ê 2 ), and the relatively long distances to nearby oxygen atoms (>2.3 A Ê ), indicated that the more likely candidate for this density was a calcium ion (see Methods). Unlike magnesium, which is more restricted in liganding distance (2.0-2.1 A Ê ) and coordination, calcium allows for distances of 2.4 A Ê and greater and typically accommodates six to eight oxygen atoms (Kyte, 1995; McPhalen et al., 1991) .
Although the backbone atoms of NSP4 at the metal-binding site approximate 4-fold symmetry, the metal binding ligands do not. Two apposing glutamic acid side-chains at position 120 point towards the metal in a monodentate arrangement with oxygen atoms at a distance of 2.82 A Ê from the cation; whereas the other two glutamic acid sidechains are oriented away from the core (Figure 4 ), forming salt bridges with Arg119 occupying the g-heptad position of a neighboring chain. Two water molecules, 2.41 A Ê away from the cation, replace the positions of carboxylate groups of the displaced glutamate groups. In contrast to the asymmetry of the Glu120 layer, all four Gln123 amino acid residues are oriented with each sidechain oxygen atom an average of 2.47 A Ê from the central Ca 2 ion. In addition, the side-chain nitrogen atom from each Gln123 hydrogen bonds with a carboxylate oxygen atom of Glu120 from a neighboring chain regardless of the Glu120 rotomer conformation. Two of the four Gln123 side-chain oxygen atoms also hydrogen bond with the nitrogen atom of a neighboring Gln123 side-chain, which in turn hydrogen bonds to a water molecule positioned on the 2-fold axis beneath the Gln123 layer ( Figure 4 ).
Given that strontium is similar to calcium in its chemical properties, we expected that if this site were selective for calcium, it should show an af®-nity for strontium as well. Diffraction data were collected on crystals grown in strontium chloride to 1.86 A Ê resolution. A MAD-phased map contoured at 10s clearly shows a spherical density at the metal-binding site, which is modeled as a Sr 2 . The re®ned B-factor of the Sr 2 is 19.3 A Ê 2 , similar to that of neighboring side-chain atoms. As corroboration that the density is correctly modeled, re®nement of calcium at this position drops the B-factor value to $3 A Ê 2 . The Glu120 and Gln123 rotomer conformations are nearly identical between the calcium and strontium structures (Figure 4 ). Water molecules surrounding the Sr 2 occupy analogous positions to those observed around the putative Ca 2 . Overall, the primary difference between the calcium and strontium structures is a lengthening of the metal to oxygen distances for the two closest water molecules (2.77 A Ê for Sr 2 compared with 2.41 A Ê for Ca 2 ). Core packing of NSP4 Although the parallel organization of the four helices about a crystallographic 2-fold axis gives the appearance of 4-fold symmetry, a closer inspection of both side-chain and main-chain atoms reveals signi®cant deviations from strict symmetry. The joint C a superposition of chains A and B onto chains B and A H (an approximate rotation of 90 about the pseudo-4-fold axis) of residues 95-134 results in an r.m.s. deviation of 0.78 A Ê . Visual inspection of this superposition reveals that the region amino-terminal to the metal-binding site displays differences up to 30 in orientation between the A and B chains with respect to the central axis of the coiled-coil. In contrast, the backbone positioning of the helical stretch C-terminal to and including the metal binding site is more 4-fold in character. Joint C a superpositions of AB onto BA H for residues 95-120 and 120-134 yield r.m.s. deviations of 0.93 A Ê and 0.29 A Ê , respectively.
The classical packing expected for a parallel, tetrameric coiled-coil is that of the a and d-heptad positions packing as knobs into holes (Crick, 1953) in``perpendicular'' and``parallel'' arrangements, respectively (Harbury et al., 1994 (Harbury et al., , 1993 . As viewed from the C terminus, the clockwise twist of chain A with respect to the orientation of chain B indicates a deviation from idealized helix packing ( Figure 5 (a) and (b)). As shown in Figure 5 (b), the Gln109 (d-position) and Ile113 (a-position) layers clearly deviate from the expected tetrameric coiledcoil packing that is seen in the Gln123 (d-position) and Leu127 (a-position) layers. The extent of distortion of the idealized tetrameric packing is such that the C a -C b vectors of layers 109 and 113 more closely resemble the acute angles of trimeric coiledcoils. C a superpositions of ®ve-residue stretches from chain A onto helices of trimeric viral fusion proteins indicate that the Gln109 and Ile113 layers of the NSP4 tetramer display helical orientations similar to those of trimeric coiled-coils ( Figure 5(c) ).
In the absence of polar layers, the identities of the hydrophobic residues at a and d-heptad positions have been shown to dictate the oligomerization state of coiled-coils, with tetramers showing a preference for b-branched (primarily isoleucine) and non-b-branched (primarily leucine) amino acid tetramer rendered at AE10kT/e. Globally, the surface of the stalk is highly charged with a symmetrical distribution. Angular strips of positive and negative charge potential alternatively cover the C-terminal half of the stalk surface. As in (a) the amino-terminus is at the top of the Figure. This image was generated using GRASP (Nicholls, 1993) .
Coiled-coil Domain Structure of NSP4
side-chains at the d and a-positions, respectively (for a review see, Kohn & Hodges, 1998) . Immediately amino-terminal to the metal-binding site, the NSP4 95-137 tetramer contains Ile113 at an a-position and Leu116 at a d-position, which would not be expected to be preferred in a tetramer. In contrast to the a and d-positions preceding the metalbinding site, the three core residues C-terminal to Gln123 (Leu127, Ile130, and Leu134) display the preferred amino acid identities for tetrameric a and d-heptad positions. The presence of the divalent cation between the Glu120 and Gln123 layers may play a role in the establishment of a more idealized packing arrangement.
A global rendering of the NSP4 95-137 tetramer interior illustrates the loose packing of side-chains. The NSP4 95-137 homo-tetramer has seven interior pockets that range in volume from 20.6 A Ê 3 to an upper limit of 70.0 A Ê 3 (Figure 6 ). The largest of these pockets is occupied by a water network proximal to the metal site and bordered by the Glu120 and the Leu116 layers. A second, smaller pocket is ®lled by a water molecule which lies on the crystallographic 2-fold axis and interacts with the Gln123 layer. In contrast, ®ve of the other cavities do not contain ordered water molecules, resulting in a total volume of 186 A Ê 3 .
Solvent-inaccessible pockets and water molecules are also seen in the homo-trimeric, parallel, coiledcoil domains of the classical viral fusion proteins. Crystal structures of HIV gp41 (Chan et al., 1997) and Moloney Murine Leukemia virus (MoMuLV) transmembrane domain (Fass et al., 1996) exhibit three to four internal cavities totaling 88.7 A Ê 3 and 152.0 A Ê 3 , respectively. In addition to displaying between two to four core pockets, in¯uenza hemagglutinin (Bullough et al., 1994) and Ebola GP2 ectodomain (Malashkevich et al., 1999; Weissenhorn et al., 1998) have three and ®ve buried water molecules, respectively. The signi®cance of these pockets is unclear but may be due to limitations of homomeric, parallel coiled-coil packing.
Discussion
The structure of the oligomerization domain of NSP4 supports previous biochemical characterization and shows a detailed view of the interactions of this homo-tetramer. The NSP4 95-137 homo-tetramer shares features in common with other coiledcoil proteins, yet the presence of a negatively charged layer of residues in a core position neutralized by a bound metal distinguishes this from other coiled-coils. This structure is a ®rst step towards understanding the atomic details of NSP4 as an intracellular viral receptor as well as an enterotoxin.
In a general sense, the role of NSP4 in ICP budding into the ER may be compared to that of the fusion proteins of enveloped viruses. The classical viral fusion proteins, embedded in the lipid envelopes of their virions, are trimeric coiled-coils which bring the target cell membrane to the lipid envelope of the virion (for a review see, . Crystallographic analysis of in¯uenza hemagglutinin indicates that fusion is induced by conformational changes in two distinct regions of the protein: extension of an amino-terminal fusionpeptide from the viral surface towards the target membrane; and a hinging of the C-terminal domain about the base of the coiled-coil, such that anti-parallel packing against the stalk is achieved (Bullough et al., 1994) . This domain orientation appears to be the same for NSP4 with respect to the target membrane and the virus particle. The N-terminal transmembrane domain is stationed in the target ER membrane, and the cytoplasmic C-terminal stretch, following the coiled-coil domain, presents the ICP-binding residues. Deletion of this C-terminal stretch increases the . This image was generated using VMD (Humphrey et al., 1996) and Raster3D (Merritt & Bacon, 1997) . Figure 5 . Deviations in packing geometry of the layers amino-terminal, but not carboxyl-terminal to the cationbinding site. As viewed from the C terminus down the central coiled-coil axis, cross-sectional slices of the NSP4 tetramer at the Gln109, Ile113, Gln123 and Leu127 layers highlight the internal packing of the heptad a and d-positions (carbon, tan; nitrogen, blue; oxygen, red). (a) CPK representation of the side-chain atoms reveals an approximate 4-fold arrangement and closer packing in the layers C-terminal (Leu127) and including (Gln123) the metal-binding site relative to those N-terminal (Gln109 and Ile113). A and B indicate the two chains in the asymmetric unit. (b) A coiled-coil vector diagram indicates that layers amino-terminal to the metal-binding site deviate from the``parallel'' and``perpendicular'' packing expected for a parallel tetrameric coiled-coil. In an idealized packing arrangement of a parallel four-stranded coiled-coil, the a and d-heptad positions pack in``parallel'' and``perpendicular'' orientations, respectively, as de®ned by the angle of the C a -C b vector with respect to a C a -C a of the neighboring strand (Crick, 1953; Harbury et al., 1994 Harbury et al., , 1993 . The C a -C b vectors (green for chain A; magenta for chain B) are represented as arrows, and the C Coiled-coil Domain Structure of NSP4 af®nity of NSP4 for VP4 (Au et al., 1993) , suggesting that the C-terminal domain might be partially obstructing the VP4-binding site. Upon ICP binding, the C-terminal region may be displaced allowing for more ef®cient binding of VP4.
Anatomical features observed in the crystal structure of NSP4 can be compared and contrasted to other coiled-coils domains, including those of the classical fusion proteins. NSP4 95-137 has three interior polar layers, two of which are located at adjacent a and d-heptad positions and coordinate a divalent cation and water network approximately four helical turns from the base of the coiled-coil stalk. Core polar layers consisting of either asparagine or glutamine residues are present in all structures of viral fusion proteins solved to date. In addition, buried water molecules and chloride ions have been observed in a number of homomeric coiled-coil structures. In the MoMuLV TM domain and Ebola GP2, a chloride ion is positioned on the central axis of the coiled-coil by three asparagine side-chains (Fass et al., 1996; Malashkevich et al., 1999; Weissenhorn et al., 1998) approximately three helical turns from the C-terminal base of the stalk. It appears that positioning a chloride binding site in the interior of a trimeric coiled-coil domain may be suf®ciently accomplished by placement of a single layer of either glutamine or asparagine residues as was exempli®ed by an engineered variant of GCN4 (Eckert et al., 1998) . In contrast, a core charged layer (Glu120) neighboring a layer of glutamine residues arranged in a tetrameric context in NSP4, forms a cation-binding site, and thus differs from that previously seen in other naturally occurring coiled-coil proteins.
Recently, structures of two homomeric fourstranded coiled-coils were reported: the 114 amino acid oligomerization domain of the P protein of Sendai virus (Tarbouriech et al., 2000) ; and the 52-residue protease binding region of the tetrabrachion complex from Staphylothermus marinus (Stetefeld et al., 2000) . These structures display deviations from the classical 3,4-hydrophobic repeat, which affect the coiled-coil pitch and the orientation of a and d-positions with respect to the central coiled-coil axis. Despite deviations from idealized coiled-coil packing, these proteins differ from NSP4 in that they maintain 4-fold symmetry along the central axis of the tetramer. Like the case of NSP4, the P protein of Sendai virus binds to a calcium ion in the coiled-coil core. However, this calcium-binding site is composed of a single layer of four uncharged ligands situated at a distance of $3.5 A Ê (Tarbouriech et al., 2000) . Together with NSP4 95-137 , these tetrameric structures expand our understanding of homooligomeric, parallel coiled-coils.
The packing arrangement for core positions of coiled-coils is typically described as the orientation of the C a -C b vector of the a or d-heptad positions with respect to a C a -C a vector of a neighboring helix. In the case of dimers, these vectors display a``parallel'' arrangement at a-positions and à`p erpendicular'' arrangement at d-positions, whereas the reverse, perpendicular packing at apositions and parallel packing at d-positions, is observed for tetramers (Harbury et al., 1993) . In the structure of NSP4 , deviations from these idealized packing arrangements are observed aminoterminal to the metal-binding site, with some of the layers displaying the acute angles seen in trimeric coiled-coils ( Figure 5(b),(c) ). These deviations coincide with a relative twisting of the A and A H helices with respect to the B and B H helices, breaking the 4-fold symmetry that might be expected for a homo-tetramer. Both the departure from 4-fold symmetry and the deviations from idealized tetrameric packing may be due to the identity of the a and d-position residues preceding the metalbinding site. Mutational studies of coiled-coil a and d-positions have demonstrated that isoleucine displays the strongest preference for a particular geometric packing environment (Harbury et al., Figure 6 . A longitudinal slice revealing cavities on the crystallographic 2-fold axis within the tetrameric core. Five of the seven cavities (orange) are present in the ®nal model of NSP4 , with two pockets (not rendered) ®lled with ordered water molecules. Overall, there are nine ordered water molecules (blue) buried in the interior, two at the Gln109 layer and seven proximal to the Gln123/Glu120 layers. The calcium ion is shown in yellow. The side-chains for the a and d-heptad positions are rendered as sticks and the polar layers are labeled. Surfaces were generated in GRASP (Nicholls, 1993) using a sphere radius of 1.4 A Ê .
1993; Tripet et al., 2000; Wagschal et al., 1999) . As has been shown with variants of GCN4, the constraint for isoleucine to be located at a nonperpendicular packing position appears suf®cient to discriminate between dimers, trimers and tetramers (Harbury et al., 1993) . In NSP4, the presence of Ile113 at an a-position may be inducing a twist in the backbone to accommodate better side-chain packing. With the exception of Ile95 and Ile130 at d-positions, the remaining hydrophobic residues would not be expected to be suf®cient for formation of a tetrameric coiled-coil. Similarly, the Gln109 layer shows a marked asymmetry in the side-chain packing, yet it is unclear if glutamine residues are unpreferred in d-positions of tetrameric coiled-coils or if this is due to the unpreferred layers (Ile113 and Leu116) which follow this position. The packing of the Gln109 layer contrasts the symmetrical positioning observed in the Gln123 layer, a symmetry which is likely explained by the bound cation. Although several layers display an organization characteristic of trimeric coiled-coils, NSP4 95-137 may be maintained as a tetramer due to a combination of a bound divalent cation and tetramerically preferred residues.
The crystal structure of NSP4 provides an understanding as to how a parallel coiled-coil can self-associate with a charged residue at a core heptad position. In the case of a parallel four-stranded coiled-coil, the residues at the a and d-heptad positions must be able to form self-interacting layers; therefore, the presence of a charged residue at these positions would be expected to be unfavorable due to electrostatic repulsion. In this structure the charged glutamic acid layer is accommodated by a conformational asymmetry in which two sidechains are pointing away from the core and interacting with arginine residues on adjacent helices within the tetramer, and two are buried in the core, interacting with a bound divalent cation and water network. The absence of a divalent cation would appear to be destabilizing for the tetramer, as glutamate:glutamate repulsion might orient all of the Glu120 side-chains towards the Arg119 residues, thus creating a large core cavity. Given the helical twisting observed immediately preceding the metal-binding site, one might imagine this site to be the target for modulation by other protein components, and thus act as a``switch'' in determining the oligomerization state of NSP4.
The X-ray structure of NSP4 95-137 solved from crystals grown in magnesium sulfate raises the question of the identity of the divalent cation bound at the metal-binding site. Although initially modeled as a magnesium ion, the metal-to-oxygen distances, ligation number, and coordination geometry were more consistent with that of a calcium ion. Since magnesium was the only divalent cation added to the crystallization mix, the ion at this site must be a contaminant. The structure determination from a crystal grown in strontium chloride gives further evidence this site not only binds divalent cations, but should show an af®nity for calcium.
The binding of a calcium ion between the polar layers in the oligomerization domain of NSP4 has implications for understanding the enterotoxic effect of this viral receptor. Ectopic expression of NSP4 in baculovirus-infected insect cells results in the release of Ca 2 from the ER, effectively increasing the intracellular calcium concentrations ®vefold (Tian et al., 1995 (Tian et al., , 1994 . These local calcium increases would be expected to play a role in the stabilization of the tetrameric state of ER-bound NSP4. However, this cation-binding site may be even more critical for stability of the homotetramer in an extracellular environment. Following the lysis of infected cells, the exposure of the NSP4 cytoplasmic domain to the extracellular milieu presumably results in the digestion of proteolytically sensitive regions (O'Brien et al., 2000; Taylor et al., 1996) leaving the resistant coiled-coil stalk domain intact. As Ball and coworkers demonstrated, the enterotoxic effects of rotavirus infection can be elicited through injection of NSP4 peptide into mice (Ball et al., 1996) . NSP4 114-135 constitutes the carboxyl-terminal half of the coiled-coil domain and encompasses a putative calciumbinding site, suggesting the causative agent may be extracellular homo-tetramer populations of NSP4.
Materials and Methods
Crystallization and data collection A synthetic 43 amino acid peptide corresponding to residues 95-137 of NSP4 was resuspended in 100 mM Hepes, pH 7.0. Crystals grew at room temperature in hanging drops equilibrated over well solutions containing 20-28 % PEG 400, 100 mM Tris-HCl (pH 8.5), and a variety of salts (MgSO 4 , CaCl 2 , MnCl 2 , SrCl 2 , BaCl 2 , Li 2 SO 4 , and NaCl), several of which were not suitable for diffraction studies without further optimization. Peptides derivatized with seleno-methionine at position 112 yielded crystals under the same conditions, and were maintained in the reduced state by the addition of 10 mM dithiothreitol to all solutions. Both native and selenium-derivatized peptides crystallized in space group P2 1 2 1 2 with two molecules per ASU (see Table 1 for statistics). These two non-crystallographic symmetry mates are related by an approximate 90 rotation about the crystallographic 2-fold axis, yielding a pseudo-4-fold symmetry axis aligned in the center of the coiled-coil tetramer. In combination with the similar lengths of the a and b unit cell axes, the pseudo-4-fold axis allowed for pseudo-merohedral twinning, resulting in an apparent spacegroup of P42 1 2 with one molecule in the asymmetric unit, similar to that seen in crystals of rubredoxin oxygen reductase from Desulfovibrio gigas (Fra Ä zao et al., 1999) . Diffraction data from selenium-derivatized peptide crystals displayed a lower twinning fraction than those from the underivatized peptide (R merge of P42 1 2-scaled data from 30.0 to 5.4 A Ê was 11-13 % for derivatized compared to 6 % for underivatized). Therefore, data collected from the selenium-derivatized crystals were used for all model building and re®nement.
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Two multiwavelength anomalous dispersion (MAD) datasets were collected at 100 K on crystals grown in MgSO 4 and SrCl 2 , respectively, using beamline X12C at the National Synchrotron Light Source, Brookhaven National Laboratory. Data were processed, integrated and scaled using HKL2000 and SCALEPACK (Otwinowski & Minor, 1997) .
Structure determination
For each MAD dataset, the determination of the two selenium atom positions and calculation of experimentally phased, solvent-¯ipped electron density maps were performed using the CNS program suite (Bru È nger, 1998) . Polyalanine helical segments were docked into these initial maps, which displayed unbroken backbone density for the entire length of the peptides. Discovery of a metal-binding site in the tetramer core prompted independent building and re®nement of the two structures to allow for an unbiased comparison of all side-chain residues. During building and re®nement of the data collected from crystals grown in MgSO 4 , a magnesium ion was initially positioned in the model, but was later replaced with a calcium ion. Calcium may have been introduced as a contaminant in the commercial preparation of the magnesium sulfate stock used for crystallization (contaminating levels of up to 0.001 %) as well as other reagents used in crystallization and peptide preparation. Cycles of building and re®nement were performed with O (Jones et al., 1991) and CNS (Bru È nger, 1998), respectively.
Coordinates
The coordinates and experimental data have been deposited in the RCSB Protein Data Bank (PDB accession codes:1G1I and 1G1J).
